Cholinergic pesticides such as the neonicotinoid imidacloprid are the most important 13 insecticides used for plant protection worldwide. In recent decades concerns have 14 been raised about side effects on non-target insect species, including altered foraging 
Introduction 27 28
Major ongoing debate concerns the off-target effects on animal populations of widely 29 used agrichemicals including neonicotinoid pesticides, such as imidacloprid (recently 30 reviewed in bees in Alkassab and Kirchner, 2017) . While targeted at pest species, 31 beneficial arthropods such as pollinating insects are also exposed to these potential 32 threats, both directly (via nectar and pollen of treated plants), and indirectly through 33 exposure at sites of accumulation (e.g. soil, water, nests)(Alkassab and Kirchner, 34 2017). Neonicotinoids, including imidacloprid (IMI), act agonistically on nicotinic 35 acetylcholine receptors (nAChRs) at synapses in the insect nervous system (Liu et al., 36 1993; Matsuda et al., 2001 ). Yet despite being commercially available for more than 37 20 years, surprisingly little is known about how sub-lethal doses of these chemicals 38 affect the insect nervous system function, particularly in intact individuals. 39
Prior work on the neurophysiological effects of these chemicals have primarily 40 odour-evoked responses from the antennal lobe of the intact honey bee and revealed 47 impaired odour processing when the brain was exposed to an acute dose of IMI 48
(Andrione et al., 2016). 49
The dearth of studies on the effects of IMI on the visual system is surprising given 50 that many parts of the insect visual system are known potential targets for cholinergic 51 agonists. Both cholinergic neurons and nAChRs are widely expressed in the insect 52 optic lobes -both peripherally and centrally (Kreissl and Bicker, 1989; Brotz et al., 53 2001; Sinakevitch and Strausfeld, 2004; Raghu et al., 2011) . Direct evidence for 54 potential effects on visual processing includes acute exposure to sub-lethal doses of 55 imidacloprid, which caused increased cell death in the optic lobes of honey bees (de 56
Almeida Rossi et al., 2013). More recently, visually-evoked responses recorded in a 57
pre-motor neuron, DCMD, from the locust ventral nerve cord showed impaired burst 58 electrophysiological set up, the perfusion tubing connected (see below) and the 120 electrode inserted within 1 minute, to avoid desiccation. 121
Perfusion system 122
A low-noise peristaltic perfusion pump (PPS2, Multi Channel Systems MCS GmbH, 123 flow rate: 0.3 ml/min) was fed into a micro ML-6 manifold (Warner Instruments, 124
Harvard apparatus) that received also 5 PE-50 tubing from a 6-valve computer-125 controlled gravity system (VC-6M Valve Control System, Warner Instruments, 126
Harvard Apparatus). Each input was connected to a 20 ml syringe filled with 127 treatment solutions (Fig. 1) . Each of the channels of the gravity system was height 128 adjusted to match the flow rate of the peristaltic pump (0.3 ml/min). The outlet of the 129 micro manifold was then connected to the animal's head through the PE-50 tubing as 130 described above. 131
In our initial experiments with the suction-system provided by the PPS2 pump system 132 to maintain a constant level of fluid in the head capsule, we found vibration and 133 electrical noise to be problematic as the suction system cyclically made and broke 134 contact with the meniscus in the perfused area. Subsequently we solved this problem 135 to maintain a constant fluid level in the head capsule through a capillary-based system 136 whereby we placed the tip of a thin cotton thread on the right side of the head with the 137 other extremity in a glass container to collect the liquid (Fig. 1) . The constant 138 capillary action in this thread gently draws fluid away from the perfused area at a rate 139 high enough to allow the entire volume of the interior head capsule to be changed 140 approximately every 10 s (0.3 ml/min). After experimenting with several different 141 threads for this purpose, we found that a washed tea-bag string (Twinings, UK) 142 provided an ideal compromise between size and capillary action. 143
Drug delivery 144
Due to its low solubility in water, a stock solution of imidacloprid (Sigma-Aldrich 145 Sweden AB) was obtained dissolving 1 mg of imidacloprid in 1ml DMSO (Sigma-146 Aldrich Sweden AB) and maintained at -20°C. On the day of each experiment the 147 stock solution (IMI 3.9 mM) or DMSO alone were then diluted (1:1000) in insect
6
Ringer solution comprising (in mM) the following: NaCl (140), KCl (10), NaH 2 PO 4 149 (4), Na 2 HPO 4 (6), CaCl 2 (H 2 O) 2 (3), sucrose (90), and adjusted to pH 6.8. 
Data analysis and statistics 204
For each animal, raw data were imported into Spike 2 (version 7.02a, Cambridge 205 Electronic Design), digital filtered with a band-pass filter (125.5 Hz, 3k Hz low and 206 high corner frequency, respectively), spike templates created and single spike events 207 identified. Spike templates were identified in the initial recordings for each cell and 208 these same templates were then successfully applied to detect spikes in all subsequent 209 recordings through to the end of the experiment. On the basis of the template shape 210 and their separation using principal component analysis (PCA), for each animal we 211 8 identified independent single spiking units. We obtained a total of 12 such units from 212 10 animals. We excluded from the analysis any units that showed an averaged spike 213 frequency below 40 spike/s for low contrast stimuli (Michelson contrast: 0-0.3) in the 214 preferred direction, and thus we used 10 units from 10 different individuals. 215
For each sample we obtained 2-10 technical replicates for each direction (Fig. 2, 1  216 Trial) and within each condition (pre-treatment, during treatment and washout). The 217 averaged spike frequency was calculated during pre-stimulus time (spontaneous 218 response, Fig. 3 ) and during the ramp stimulus (contrast range 0-0.33, see also Fig.2 ) 219 for each technical replicate and then averaged for each condition (Fig. 3) . Effect size 220 for spontaneous response across conditions is reported as Cohen's d coefficient 221
For each experimental condition, we calculated a directionality index (DI) on the 223 averaged response activity (contrast range 0:0.33) as follows: DI = (P-AP)/(P+AP) 224 with P and AP referring to the averaged activity in the preferred and anti-preferred 225 direction ( 
perfused animals 238
In order to expose the insect brain to sub-lethal concentration of the neonicotinoid 239 imidacloprid we set up a peristaltic pump combined with a computer-controlled multi 240 valve gravity fed system to supply artificial haemolymph to the head capsule of the 241 insect (Fig. 1) . This system allows for either intracellular or extracellular recordings 242 from the insect brain while continuously perfusing with a main flow (usually Ringer 243 solution) and up to 5 different treatments to switch into this flow at a relatively high 244 flow rate (0.3 ml/min). The success and duration of the recordings in these conditions 245 depend upon the size and type of neurons targeted for recording, the proximity of the 246 electrode tip to the inlet of the perfusion system and on the type of recordings 247 (intra/extracellular). We used this setup to record from motion-sensitive lobula plate 248 neurons of the hoverfly, Eristalis tenax, and investigate how their physiological 249 response to 4 different directional stimuli (Fig. 2) was affected by the exposure to 250 sub-lethal doses of imidacloprid (3.9 µΜ). 251
Our application of a low-vibration pump to supply the main saline flow and our novel 252 implementation of a vibration-free capillary suction system permitted brief 253 intracellular recordings from lobula plate neurons (data not shown). However, we 254 found that more stable extracellular recordings from the same class of neurons 255 allowed for longer-lasting recording sessions, up to three hours in healthy cells. This 256 allowed us to obtain visual-evoked responses during a resting state (pre-treatment), 257 during the treatment and during subsequent washout of the treated agent, all within 258 the same unit. However, even with our low-vibration delivery and suction system, this 259 type of recording remains highly challenging and the success rate (long-lasting, 260 healthy recording with good signal-to-noise ratio, see for example 
Imidacloprid increased spontaneous responses of LPTCs 267
We first asked whether the spontaneous response of the neurons was affected by 268 treatment exposure. In the pre-treatment condition, the two groups (IMI, DMSO) 269 showed no significant difference in spontaneous spike rates (Fig. 3 and 4, p=0. 
609, 270
Mann-Whitney Rank Sum Test). However, following exposure either to IMI or to its 271 vehicle, DMSO, these neurons showed significantly different spontaneous activity (p 272 = 0.019, Mann-Whitney Rank Sum Test) but in opposite directions: IMI increased the 273 spontaneous firing rate (with a large effect size, Cohen's d ± 95% C.I.: -1.03 ± 0.4), 274 while the vehicle, DMSO, slightly decreased it (Cohen's d: 0.55 ± 0.9). During 275 washout the cells exposed to DMSO returned to similar levels of spontaneous activity 276 as in pre-treatment (Cohen's d: 0.20 ± 1.1), while in the 2 cells exposed to IMI the 277 treatment was reversible and went slightly below the pre-treatment firing rate 278 (Cohen's d: 0.50 ± 0.8; Fig. 3 and 4) . 279
Imidacloprid altered directional tuning and contrast sensitivity 280
An inclusion criterion for our classification of the recorded neurons as LPTCs was 281 that they were initially motion opponent i.e. their spontaneous activity was inhibited 282 by stimuli in the anti-preferred direction (Fig. 2) . Interestingly, we observed a general 283 increase in the response to anti-preferred direction stimuli when cells were exposed to 284 IMI, sometimes linked to a decreased response to motion in the preferred direction 285 (Fig. 3 and 4) suggesting that the general direction sensitivity of the neuron might 286 have been affected. To investigate this further, we calculated a directionality index in 287 each cell for every condition (Fig. 5) , whereby a value of 1.0 indicates complete 288 inhibition by anti-preferred directions, and a value of 0 would indicate no difference 289 between the preferred and anti-preferred responses. When pooled together we 290 observed a decreased direction selectivity in cells treated with IMI ( Fig. 5 ; p = 0.031, 291
Wilcoxon signed Rank Test) but not in those treated with DMSO (Fig. 5, p = 0. 
250, 292
Wilcoxon signed Rank Test). In the latter treatment, in fact, the directionality index 293 was stable throughout the 3 conditions of the experiments (black dots in Fig. 5, left  294 
panel). 295
We finally asked whether IMI affects the contrast sensitivity of LPTCs. Each stimulus 296 presented consisted of a linear ramp of increasing contrast (Fig. 2) , so responses that 297 commence earlier within the presentation period indicate higher sensitivity to the 298 stimulated pattern (O'Carroll et al., 1997). This allowed us to analyse the contrast 299 sensitivity of the response in the preferred direction by temporally binning the 300 responses into small contrast ranges (Fig. 6) . Similar contrast sensitivities were 301 observed in the pre-treatment conditions for the two groups of neurons, with a clear 302 departure from spontaneous response levels at a threshold contrast of ~0.05 (i.e. 303 contrast sensitivity > 20) and saturation of the response at contrasts above a contrast 304 of 0.2. At higher contrasts still, the response declines due to motion adaptation to the 305 extended stimulus. During IMI treatment, contrast sensitivity curves changed 306 dramatically, starting from a much higher spontaneous level. While the contrast 307 required to reach response saturation was similar, the overall response level at high 308 contrasts was clearly reduced. Hence while contrast sensitivity did not differ in the 309 pre-treatment conditions (p = 0.3524, Mann-Whitney Rank Sum Test, Fig.6 a,c) the 310 IMI treated response shows a profound reduction in output range (response gain) 311 rather than an obvious change in threshold (contrast gain), compared with those 312 treated with DMSO (Fig. 6 a-c, p = 0 .009, Mann-Whitney Rank Sum Test). While 313 DMSO caused a slight decrement in saturation level, this was consistent with reduced 314 spontaneous activity and was completely reversed during washout (fig 6 a,d ). In the 2 315 cells where we were able to complete washout following IMI-treatment ( fig. 6 b,e) the 316 cells still showed a substantially reduced output range, despite the spontaneous 317 activity returning to low levels, indicating that contrast sensitivity was only partially 318 restored during the washout. 319 320
Discussion 321
We used electrophysiological recordings combined with a peristaltic perfusion system 322 to investigate the effects of sub-lethal doses of the widely used neonicotinoid, 323 imidacloprid, on the wide-field motion sensitive cells of the pollinator fly Eristalis 324 tenax. The fly lobula plate tangential cells (LPTCs) are a well-known model for the 325 study of motion detection (reviewed in Silies et al., 2014) . These neurons normally 326
show increased activity when a wide-field moving stimulus is presented in a specific 327 direction and inhibited when the motion is presented in the opposite direction (see 328 Calliphora erytrocephala but did not affect direction selectivity (Schmid, 1992 ). This 359 is, to some extent, similar to what we observed in our experiments: when wide-field 360 visual stimuli were presented the cells continued responding to the salient stimuli 361 direction they were tuned to, but with a decreased response strength and with an 362 increased response in the anti-preferred direction (i.e. decreased motion opponency). the reduced output range we observed indicate a profound effect on the ability of 390 these neurons to encode relevant attributes of the input stimulus, whether it be the 391 direction or the speed of a moving pattern. 392 Importantly, IMI is not readily soluble in water and needs to be dissolved in a suitable 393 vehicle for delivery either to the physiological preparation we used here, or in field 394 application of this chemical to plants as a systemic insecticide. The vehicle that we 395 used, DMSO, also seems to affect LPTC responses (see spontaneous rate Fig. 3, 5 and 396 contrast sensitivity, Fig. 6a ). This was particularly evident in the contrast sensitivity 397 curves where a slight decrement in contrast range is subsequently restored during 398 washout (Fig. 6d) . As far as we are aware, effects of DMSO have not been described 399 in behavioural or neurophysiological experiments when testing pesticides. However 400
To summarize, our data revealed a disrupted direction selectivity and contrast 464 sensitivity in LPTCs after direct IMI application to the brain and a mechanism by 465 which cholinergic pesticides might act in the brain of flying pollinators to effect 466 motion-guided behaviours. Ultimately, our experimental setup will allow future 467 investigation to identify where and how the visual system is affected by 468 neonicotinoids under conditions in which the animal still perceive and respond to 469 environmental relevant sensory stimuli. 
Experimental design and example of LPTCs direction selective responses in 591
Eristalis tenax with ongoing perfusion. (a) the experimental design consisted of the 592 following visual stimuli: a mean luminance (grey) screen left for 3 s (pre-stimulus 593 period) was followed by a full-screen visual grating stimulus (3 s) in one of the 4 594
